This paper deals with an application of computational fluid dynamics (CFD) to partial admission stages in a steam turbine. The calculation of partial admission stages requires unsteady analysis and full circle modeling. Therefore, quasi-3-dimensional (Q-3D) analysis of the mean radius is conducted to reduce computational load. First, an experiment using the air turbine is carried out. The result is in good agreement with the result of CFD analysis under the same conditions as the experiment, and the application of the Q-3D method to partial admission stage analysis is validated. Using this method, 2-stage analysis of partial admission is conducted. The influence of the circumferential position of the admitted arc on stage efficiency is discussed. The efficiency difference is related to the windage loss caused by pressure distribution in the circumferential direction. It is found that there is an optimum circumferential position of the admitted arc from the point of view of turbine efficiency.
Introduction
Effective utilization of fossil fuel is becoming important from the environmental point of view as the global warming due to CO 2 emission becomes a serious problem. Following this trend, the steam turbine, which is one of the key hardware components of power generation plants, is required to be more efficient. As one of the aids to efficiency improvement of a steam turbine, the result of CFD (computational fluid dynamycs) analysis in a partial admission row in a steam turbine is reported in the present paper.
The blade height of high-pressure stages of a small steam turbine is extremely low when steam is admitted in a full arc. To avoid losses due to low blade height, partial admission, in which steam is admitted only in one arc of the turbine annulus, is commonly adopted. Rotor blades in a partial admission row cause additional losses because they periodically pass through admitted arcs as well as the unadmitted ones. Therefore it is generally known that the efficiency of a partially admitted stage is lower than that of a fully admitted one. To improve the efficiency of a partial admission stage, experimental studies of partial admission turbines have been made (1) . Although studies using CFD analysis, which is often applied to other turbomachinery (2) , are rare because it requires heavy computational load due to unsteadiness and full circle modeling (3) . It is difficult to carry out unsteady analysis of fully 3-dimensional partial admission stages in a short period of time at practical costs, although computers have been making great progress in this decade. Therefore, we use quasi-3-dimensional CFD analysis of the mean radius. First, we conduct an air turbine experiment of one stage in order to validate the quasi-3-dimensional analysis of a partial admission turbine stage. The result is in good agreement with the result of CFD analysis under the same conditions as the experiment. We are confident that this method can be applied to a partial admission stage.
By the above-mentioned method, we conduct CFD analysis of 2-stage partial admission turbine to elucidate its flow field. We find that the relative circumferential position of admitted arcs influences the turbine stage efficiency.
Nomenclature
Ca : isentropical velocity Ca = √ 2h 
Computational Methods
In the numerical investigation, we use the compressible Navier-Stokes code, CFX-5 ver. 5.7, which is commercially available. CFX-5 solves the Reynolds Averaged Navier-Stokes equations by a time-marching control volume method. The k -ω SST model is used, and all walls are assumed to be smooth. In this study, turbine cascades are modeled quasi-3-dimensionally where the models do not have distributions of values such as pressure in the radial direction. The hub walls and shroud walls are treated as free slip walls. Meridional contours in turbine cascades are considered by changing the height of cells in the numerical analysis. To grasp the flow field of a partial admission turbine cascade, unsteady simulations are conducted.
Air Turbine Experiment
An experiment using an air turbine which has a partial admission stage was carried out in order to confirm whether the numerical simulation method described in the previous section yields an appropriate solution of partial admission stages.
1 Experimental apparatus
The cross section of a test rig is shown in Fig. 1 , and the details of the partial admission stage are shown in Fig. 2 . Although this test rig consists of a single stage (one nozzle row and one blade row), the subsequent stages of the control stage in a small steam turbine are usually partial admission stages. Therefore, a dummy nozzle that has only one passage with an admission ratio the same as that of the first stage is equipped with the rig. and Table 1 indicate, respectively, the geometry of the cascades and their specifications.
2 Experimental method
Compressed air from a blower was introduced into the inlet of the test rig, and its outlet was open to the atmosphere. The experiment was conducted keeping the pressure ratio constant. By changing the speed of the turbine, the velocity ratio of u/Ca (Ca is the isentropic velocity calculated from the head drop across a stage) could be controlled.
3 Numerical analysis
Numerical analysis was conducted by the method described in section 2, using the quasi-3-dimensional model of an air turbine with air as the working fluid. Figure 4 shows the numerical grids used in this analysis. The grid consists of three regions: the nozzle region, the blade region and the dummy nozzle region. The nozzle region and the dummy nozzle region are on a stationary frame and the blade region is on a rotating frame. Every grid consists of an O-type mesh and an H-type mesh. The total element counts in the nozzle region, the blade region and the dummy nozzle region are, respectively, 84 498 (approximately 60 × 30 × 2), 677 280 (approximately 60 × 22 × 2), and 79 086. The sum of the elements in the three regions is 840 864. Figure 5 (a) shows velocity distribution at one moment of CFD analysis. In this figure, we can see the high-velocity region caused by the sucking effect of partial admission at the end of the arc of admission and the low-velocity region at its beginning (4) . Figure 5 (b) shows the pressure distribution at the inlet of the dummy nozzle. The same tendency of pressure distribution can be seen between the analytical results and the experimental ones at the outlet of the dummy nozzle. Next, analyses with velocity ratios, u/Ca, of 0.25 and 0.45 are conducted by keeping the pressure ratio of the turbine inlet and outlet constant and by changing the speed of the turbine. There is good agreement between the analytical results and the experimental ones. Through comparison with results of the air turbine experiment, it is confirmed that the quasi-3-dimensional method can simulate the flow pattern of partial admission stages in a steam turbine.
4 Results

Analysis of 2-Stage, 4-Blade Rows
A quasi-3-dimensional analysis of an actual steam turbine is carried out by the above-mentioned method. In this study, the influence of the relative circumferential position of an admission arc is discussed. Therefore, 2 stages (two nozzle rows and two blade rows) are modeled.
1 Computational methods
Computational methods are the same as those in the air turbine experiment. At the inlet, the steam pressure is 5.3 MPa and the steam temperature is 755 K. Static pressure at the outlet is approximately 2.0 MPa (the outlet condition is specified by the mass flow rate). Since the working fluid is superheated steam, the steam properties are taken into consideration. Gas properties such, as specific heat, are variables and are functions of local pressures and temperatures. These variables are calculated by referring to an internal steam table of the code (5) . Although more memory is required, the computational load of analysis considering steam properties is as heavy as that of ideal gas analysis.
2 Cascades
The overview of the model is shown in Fig. 6 . The model is composed of nozzle rows in which passages exist in one part of the turbine annulus and blade rows in which passage exist in full circles. The outlet boundary of the grid is set far from the cascades in order to reduce the influence of the boundary. Figure 7 shows numerical grids of the first stage and Table 2 indicates the geometric parameter of the cascades. Every grid consists of an O-type mesh and an H-type mesh. The total element counts of the first nozzle region, the first blade region, the second nozzle region, the second blade region and the dummy nozzle region are, respectively, 123 426 (approximately 70×20×2 
3 Position of admission arcs
Three models with different circumferential locations of admission arcs are prepared in order to study the effect of the circumferential location on turbine stage performance. These three models are shown in Fig. 8 . The center of the second stage admission arc of model A is located at the same circumferential position of that of the first stage. The admission arc of the second stage is shifted in the direction of rotation in model B, and in model C, the admission arc of the second stage is shifted in the direction opposite to that of rotation. Figure 9 shows the turbine efficiencies of the three models. Turbine efficiency is defined as
4 Results
The efficiencies are normalized by that of model A. The efficiency of model A is the highest among the three. The reason for this can be explained in terms of the windage flow between nozzles and blades. Figure 10 indicates a tangential velocity distribution in the axial direction Figure 12 shows the pressure distribution of model B. In this figure, pressure is normalized so that the inlet pressure of the first stage and the outlet pressure of the second stage are, respectively, 1 and 0. In Fig. 12 , a low-pressure region, which causes circumferential flow, is seen. The reason behind the formation of the low-pressure region is that the circumferential position difference of the admission arcs does not supply enough steam at the end of the admission arch of the second nozzle. When flow is insufficient in a nozzle row, there is no pressure difference between the nozzle inlet and the nozzle outlet. Under this condition, pressure at the nozzle inlet is reduced. Figure 13 indicates the pressure distributions of the stages. The low-pressure region for model B is also seen in this figure, which causes windage flow. In model C, the low-pressure region is formed on the other side of the admitted arc, which causes windage flow in the opposite direction. The pressure difference in model B is largest
In summary, differences in the circumferential position of the admission arc cause pressure variations at the blade row exit, which leads to windage flows. Therefore the efficiency of model A, whose pressure variation is the smallest, is the best.
Conclusions
The quasi-3-dimensional analysis is validated as a method of simulating the flow of a partial admission stage of a steam turbine, by comparing the results of an experiment using a single stage air turbine with those of CFD analysis. Using the method, analyses of two-stageturbines are conducted, and the circumferential position of the admission arc is found to change windage flow and turbine efficiency.
